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Abstract

Microarray analyses were performed to compare the gene expression profiles of
wild-type and mutant strains of Tetrahymena thermophila. These studies suggest that, in
Tetrahymena, ubiquitylation of histone H2B is not required for H3K4 methylation. Even
though the E2 ubiquitin-conjugating enzyme Ubc2 and the E3 ubiquitin ligase Bre1 are
required for H2B ubiquitylation, these two enzymes affect the expression of a much
broader spectrum of genes than H2B ubiquitylation, suggesting that Ubc2 and Bre1 are
involved in pathways other than H2B ubiquitylation in Tetrahymena.
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Introduction
In the nuclei of eukaryotic cells, DNA is highly compacted into a nucleoprotein
complex - chromatin. The major protein components of chromatin are the histones. The
nucleosome core is the basic unit of chromatin. In each nucleosome core, 146 base pairs
of DNA is wrapped in ~1.75 superhelical turns around an octamer which contains two
molecules of each of the four conserved core histones H2A, H2B, H3 and H4 (Wolffe,
1998). Histones are subject to extensive, highly conserved, site-specific post-translational
modifications, including acetylation, phosphorylation, methylation and ubiquitylation
(Berger, 2007; Kouzarides, 2007). Such post-translational modifications of histones have
long been correlated with diverse chromatin functions, including gene transcription,
chromatin assembly, DNA repair, and other chromatin-based processes. It has been
suggested that distinct histone modification patterns act sequentially or in combination to
form a “histone code” that is read by other proteins or protein complexes to regulate
distinct downstream events (Ruthenburg et al., 2007; Turner, 2007). Understanding the in
vivo function of post-translational modifications on distinct core histones will be helpful
for deciphering the "histone code".

One of the post-translational modifications of histones is reversible ubiquitylation
(Weake and Workman, 2008). Ubiquitin, a 76 amino acid globular protein, is highly
conserved throughout eukaryotes. One well-characterized role of ubiquitin is that a chain
of four or more ubiquitins can be covalently attached to a protein by an isopeptide bond
of the C-terminal glycine residue of ubiquitin with the -NH3+ groups of specific lysine
residues of the substrate proteins. This polyubiquitylation marks proteins for degradation
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by the 26S proteasome (Weissman, 2001). But other functions of ubiquitin have been
found that do not involve the 26S proteasome. Some proteins can be modified by a single
ubiquitin or short ubiquitin chains. This mono-ubiquitylation is involved in cellular
processes, including histone regulation, endocytosis and the budding of retroviruses from
the plasma membrane (Hicke, 2001). It has been known for a long time that histone H2A
and H2B on chromatin can be modified by covalently attaching one ubiquitin or short
ubiquitin chain via an isopeptide bond to a lysine residue located in their C-terminal
regions (Goldknopf and Busch, 1977; West and Bonner, 1980). There is no evidence the
monoubiquitylation of H2A and H2B is involved in their degradation via the 26S
proteasome in any organisms. The ubiquitylation on H2A and H2B has distinct functions
(Weake and Workman, 2008). H2A ubiquitylation plays a role in transcriptional
repression (Wang et al., 2004), and H2B ubiquitylation plays the important role in
transcriptional activation (Sun and Allis, 2002).

A number of studies have shown that, in the budding yeast Saccharomyces
cerevisiae, H2B is ubiquitylated at lysine 123 (K123) of its C-terminal region by the
evolutionarily conserved E2 ubiquitin-conjugating enzyme Rad6/Ubc2 and E3 ubiquitin
ligase Bre1 (Hwang et al., 2003; Robzyk et al., 2000; Wood et al., 2003a). The Ubc2Bre1-mediated H2B ubiquitylation is required for methylation of histone H3 at lysine 4
(K4), and regulates transcriptional activation (Henry et al., 2003; Ng et al., 2003; Sun and
Allis, 2002; Wood et al., 2003b). This was the first evidence of “cross-talk” between the
different post-translational modifications on the different histones. The studies from the
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fission yeast Schizosaccharomyces pombe and human cells have shown the similar results
(Kim et al., 2005; Tanny et al., 2007; Zhu et al., 2005).

Tetrahymena thermophila is one of the best-studied protists. Like most ciliated
protozoans, Tetrahymena exhibits a remarkable nuclear dimorphism. Each cell contains a
germ-line micronucleus and a somatic macronucleus that reside in the same cytoplasm
(Collins and Gorovsky, 2005). With the development of high-efficiency DNA-mediated
biolistic transformation, genes can be manipulated in either the micronucleus or the
macronucleus, or both, of Tetrahymena cells. Tetrahymena histones are subject to
extensive post-translational modifications, including acetylation, phosphorylation,
methylation and ubiquitylation (Gorovsky, 1986). Tetrahymena has become one of model
organisms which have been used to study the function of histone post-translational
modifications.

A recent study (Wang et al., 2009) has shown that Ubc2-Bre1-mediated H2B
ubiquitylation is conserved in Tetrahymena thermophila. Unlike in yeasts and mammals,
H2B ubiquitylation is not required for H3K4 methylation in Tetrahymena. Neither Ubc2
nor Bre1 is required for H3K4 methylation in Tetrahymena. This study suggests that
different organisms speak different languages in the “cross-talk” among post-translational
modifications on different histones. Microarray is a powerful and high-throughput
technology which has been used to study gene regulation (Hoheisel, 2006). The
microarray analyses of gene expression profiles of Tetrahymena strains have shown that
elimination of H3K4 methylation and knock-out of either UBC2 or BRE1 affect a broader
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spectrum of genes than elimination of H2B ubiquitylation (Wang et al., 2009). These
results strongly suggest that UBC2 and BRE1 are involved in the pathways other than
H2B ubiquitylation in Tetrahymena.

In this thesis, more detailed microarray analyses have been performed to compare
the gene expression profiles of wild-type and mutant strains of Tetrahymena. These
mutant strains include H2B ubiquitylation mutant strain htb1-K115R, UBC2 knock-out
strain (UBC2), BRE1 knock-out strain (BRE1) and the mutant strain which abolishes
H3K4 methylation (hht2-K4Q). These microarray analyses support the conclusion of
previous study (Wang et al., 2009), and suggest that none of H2B ubiquitylation, Ubc2
and Bre1 is required for H3K4 methylation in Tetrahymena.
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Materials and Methods

Microarray datasets
The Tetrahymena gene expression microarray datasets were obtained from the NCBI
Gene Expression Omnibus under accession number GSM465503 (wild-type strain,
CU428), GSM465505 (H2B ubiquitylation mutant strain, htb1-K115R), GSM465506
(UBC2 knock-out strain, UBC2), GSM465507 (BRE1 knock-out strain, BRE1) and
GSM465508 (H3K4 methylation mutant strain, hht2-K4Q) (Wang et al., 2009).

The custom Tetrahymena oligonucleotide DNA microarrays were manufactured by
Roche NimbleGen Systems, Inc (Miao et al., 2009). Each microarray contains the
genome-wide oligonucleotides covering a total of 28,064 Tetrahymena genes including
27,055 protein-coding genes, non-protein-coding RNA and tRNA genes. The microarray
data were analyzed by ArrayStar software (DNASTAR, Inc, Madison, WI).

Data Analyses
Scatter Plot – Scatter plot view gives a comparison of gene expression levels between
datasets of any two strains. Data are visualized in the scatter plot on a logarithmic (base 2)
scale. Each data point in the scatter plot represents an individual gene and is plotted based
on its expression level in both strains.

Heat Map – The genes whose expression levels were altered by over two-fold or fourfold in one or more mutant strains were clustering using a hierarchical clustering
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algorithm (Distance metric: Euclidean; Linkage method: Centroid) by ArrayStar software.
All datasets are normalized to the values of a wild-type CU428 strain. Heat map uses
color to display the relative expression levels of many genes across different strains. Heat
map display shows a grid of colored tiles. Each row in the grid corresponds to one gene,
and each column represents a specific strain.

Gene Ontology – The Tetrahymena gene annotations were obtained from Tetrahymena
Genome Database (www.ciliate.org). Three categories of Gene Ontology (GO)
annotations are molecular function, biological process and cellular component
(www.geneontology.org).
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Results

Scatter plots
The scatter plots show the comparison of gene expression profiles between
Tetrahymena wild-type and mutant strains (Figure 1). Data are visualized in the scatter
plot on a logarithmic (base 2) scale. Each data point in the scatter plot represents an
individual gene and is plotted based on its expression level in both strains. The number of
genes whose expression level had over two-fold (less stringent threshold) or four-fold
(more stringent threshold) change between wild-type and each mutant strain is listed in
Table 1. Comparing with wild-type CU428 strain, H2B ubiquitylation mutant strain
(htb1-K115R) has 1491 genes whose expression level had over two-fold change, and 304
genes over four-fold change. UBC2 knock-out strain (UBC2) has 3403 genes whose
expression level had over two-fold change, and 641 genes over four-fold change. BRE1
knock-out strain (BRE1) has 3474 genes whose expression level had over two-fold
change, and 798 genes over four-fold change. BRE1 knock-out strain (BRE1) has 3474
genes whose expression level had over two-fold change, and 798 genes over four-fold
change. The mutant strain which abolishes H3K4 methylation (hht2-K4Q) has 3921
genes whose expression level had over two-fold change, and 841 genes over four-fold
change. Comparing with other three mutant strains, H2B ubiquitylation mutant strain
(htb1-K115R) has relatively much less number of genes whose expression level had over
two-fold and four-fold change. These results provide the evidence that, in Tetrahymena
thermophila, E2 ubiquitin-conjugating enzyme Ubc2 and E3 ubiquitin ligase Bre1
involve in the process other than H2B ubiquitylation.

7

The scatter plots also show the comparison of gene expression profiles between
mutant strains. Comparing with H2B ubiquitylation mutant strain, UBC2 knock-out strain
(UBC2) has 1902 genes whose expression level had over two-fold change, and 510
genes over four-fold change (Figure 2). BRE1 knock-out strain (BRE1) has 2900 genes
whose expression level had over two-fold change, and 709 genes over four-fold change.
The mutant strain which abolishes H3K4 methylation (hht2-K4Q) has 2800 genes whose
expression level had over two-fold change, and 563 genes over four-fold change.
Knockout of either UBC2 or BRE1 affects a broader spectrum of genes than elimination
of H2B ubiquitylation. These results suggest that, in Tetrahymena, histone H2B is not the
only substrate protein of E2 ubiquitin-conjugating enzyme Ubc2 and E3 ubiquitin ligase
Bre1.

Comparing with UBC2 knock-out strain (UBC2), BRE1 knock-out strain (BRE1)
has 3700 genes whose expression level had over two-fold change, and 1071 genes over
four-fold change (Figure 3). The mutant strain which abolishes H3K4 methylation (hht2K4Q) has 3942 genes whose expression level had over two-fold change, and 983 genes
over four-fold change. Comparing with BRE1, hht2-K4Q strain has 3631 genes whose
expression level had over two-fold change, and 1015 genes over four-fold change. These
results suggest that Ubc2-Bre1-mediated H2B ubiquitylation is not required for H3K4
methylation in Tetrahymena, and support the conclusion from the study of Wang et al.,
2009.
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There are a total of 7505 genes whose expression levels were altered by over twofold in one or more mutant strains. Venn diagrams show overlaps among htb1-K115R,
UBC2, BRE1 and hht2-K4Q datasets (Figure 4). Only 516 genes were similarly
affected in three mutant strains (htb1-K115R, UBC2 and BRE) that have no H2B
ubiquitylation. Most of these genes are likely to be regulated by H2B ubiquitylation.
Knock-out of either UBC2 or BRE1 and elimination of H3K4 methylation affect a
broader spectrum of genes than elimination of H2B ubiquitylation.

Heat map
7505 genes whose expression levels were altered by over two-fold in one or more
mutant strains were clustering using a hierarchical clustering algorithm. The colors of
tiles in the heat map represent the logarithmic (base 2) expression value of genes for a
specific strain with green indicating high expression genes, black indicating intermediate
expression genes and red indicating low expression genes (Figure 5).

UBC2 and BRE1 are involved in biological processes other than H2B ubiquitylation
There are a total of 1827 genes whose expression levels were altered by over fourfold in one or more mutant strains (htb1-K115R, UBC2, BRE1 and hht2-K4Q) (Wang
et al., 2009). Among these genes, 400 and 549 genes are UBC2- and BRE1-specific
respectively (Figure 6), which are likely to be involved in the processes other than H2B
ubiquitylation. There are 304 genes whose expression levels were altered by over fourfold in H2B ubiquitylation mutant strain htb1-K115R (Figure 7). Among these genes,
only 71 genes were similarly affected in htb1-K115R, UBC2 and BRE1 strains lacking
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H2B ubiquitylation (Figure 8). These genes are likely to be regulated by H2B
ubiquitylation. The gene ontology (GO) annotations of these gene products correlate less
well with the clustered expression patterns of these gene products, even though many of
these gene products have unknown function (Table 2). These results suggest that H2B
ubiquitylation is involved in many biological pathways.
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Discussion

In yeasts and humans, ubiquitylation of histone H2B and/or a component (Ubc2 or
Bre1) of the system that ubiquitylates H2B is required for methylation of histone H3 at
lysine 4 (H3K4). However, in Tetrahymena, direct evidences from Western blotting
showed that in H2B ubiquitylation mutant strain, H3K4 methylation is not detectably
altered (Wang et al., 2009). In this study, the microarray analyses have shown that
elimination of H3K4 methylation affects a broader spectrum of genes than elimination of
H2B ubiquitylation. This result argues that H2B ubiquitylation is not required for H3K4
methylation in Tetrahymena.

As in other organisms, the E2 ubiquitin-conjugating enzyme Ubc2 and the E3
ubiquitin ligase Bre1 are required for H2B ubiquitylation in Tetrahymena. The
microarray analyses have shown that knock-out of either of these ubiquitylation enzymes
affects a much broader spectrum of genes than elimination of H2B ubiquitylation, and
suggested that Ubc2 and Bre1 are involved in pathways other than H2B ubiquitylation.
The microarray analyses have also shown that there are large differences in the number of
genes whose expression is alter in Ubc2 and Bre1 knock-out strains. These results
suggest that Ubc2 and Bre1 mainly function independently of each other.

The H2B-ubiquitylation-specific genes which were similarly affected in htb1K115R, UBC2 and BRE1 strains are involved in many cellular processes, including
translation elongation, membrane transport, cell adhesion, proteolysis and ubiquitylation
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of other proteins (Table 2). Among these 71 H2B-ubiquitylation-specific genes,
TTHERM_00894530, TTHERM_00516370(EFR1) and TTHERM_0096186, whose
expression levels were increased at least four-fold, are involved in translation elongation
(Figure 8). 3 of H2B-ubiquitylation-specific genes (Figure 9), TTHERM_00037640,
TTHERM_00513180 and TTHERM_00515210, whose expression levels were increased
at least four-fold, are involved in membrane transport. TTHERM_00219440, whose
expression level was decreased at least four-fold, is involved in protein ubiquitylation
other than histone ubiquitylation (Figure 8), suggesting that histone ubiquitylation
interacts with the ubiquitylation of other proteins. One unexpected finding is that H2B
ubiquitylation affects the expression of several genes in protein degradation. 5 of H2Bubiquitylation-specific genes (Figure 10), whose expression levels were decreased at least
four-fold, are involved in protein degradation. So far, there are no experiment evidences
which link histone ubiquitylation and protein degradation together. Further study will be
helpful for resolving this puzzle.

The microarray experiments used in this study have no replicates. Further replicate
experiment could be performed and the student’s t-test could be used to analyze the
microarray datasets.
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Conclusion

Microarray analyses were performed to compare the gene expression profiles of
wild-type and four Tetrahymena mutant strains, the mutant strain which abolishes H2B
ubiquitylation (htb1-K115R), UBC2 knock-out strain (UBC2), BRE1 knock-out strain
(BRE1) and the mutant strain which abolishes H3K4 methylation (hht2-K4Q). The
microarray analyses suggest that, in Tetrahymena, ubiquitylation of histone H2B and
either of ubiquitylation enzymes (Ubc2 and Bre1) are not required for H3K4 methylation,
and that histone H2B is not the only substrate protein of E2 ubiquitin-conjugating
enzyme Ubc2 and E3 ubiquitin ligase Bre1. The study also suggests that H2B
ubiquitylation might be involved in many cellular processes, including translation
elongation, membrane transport, cell adhesion, proteolysis and ubiquitylation of other
proteins.
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Table 1. Genes whose expressional level had two-fold or four-fold change in
Tetrahymena mutant strains.
The number of genes whose expression level had over two-fold or four-fold change
between wild-type and each mutant strain is listed.

Strain

htb1-K115R

UBC2

BRE1

hht2-K4Q

2-fold

1491

3403

3474

3921

4-fold

304

641

798

841
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Table 2. Gene Ontology annotations of 71 H2B-ubiquitylation-specific genes.
There are 71 genes whose expression levels were altered by over four-fold in all three
mutant strains (htb1-K115R, UBC2 and BRE1). The table lists the accession number,
description, and the Gene Ontology (GO) molecular function, biological process and
cellular component annotations for each gene.
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Accession Number

Gene Description

GO Molecular Function

GO Biological Process

GO Cellular Component

TTHERM_00002660

Lipase family protein

triglyceride lipase activity

lipid metabolism

unknown

TTHERM_00185330

Ubiquitin family protein

unknown

unknown

unknown

TTHERM_00721750

hypothetical protein

unknown

unknown

unknown

TTHERM_00008610

hypothetical protein

unknown

unknown

unknown

TTHERM_01043150

hypothetical protein

unknown

unknown

unknown

TTHERM_00088160

Ser/Thr protein phosphatase family protein

hydrolase activity

unknown

unknown

TTHERM_01055590

Kelch motif family protein

unknown

unknown

unknown

TTHERM_00418090

hypothetical protein

unknown

unknown

unknown

TTHERM_00418100

hypothetical protein

unknown

unknown

unknown

TTHERM_00428610

Helicase conserved C-terminal domain containing protein

helicase activity

unknown

unknown

TTHERM_01205390

Ubiquitin carboxyl-terminal hydrolase family protein

ubiquitin thiolesterase activity

ubiquitin-dependent protein degradation

unknown

TTHERM_00137850

ABC transporter family protein

unknown

unknown

unknown

TTHERM_00655440

Starch binding domain containing protein

catalytic activity

carbohydrate metabolism

unknown

TTHERM_00554590

hypothetical protein

unknown

unknown

unknown

TTHERM_00826940

uncharacterised protein family (UPF0160)

unknown

unknown

unknown

TTHERM_00894530

Elongation factor G, domain IV family protein

unknown

unknown

unknown

TTHERM_01014690

TPR Domain containing protein

unknown

RNA processing

unknown

TTHERM_00402090

hypothetical protein

unknown

unknown

unknown

TTHERM_00516370

EFR1 (Elongation Factor 2 Related protein)

unknown

protein translation

unknown

TTHERM_01508150

hypothetical protein

unknown

unknown

unknown

TTHERM_00834890

hypothetical protein

unknown

unknown

unknown

TTHERM_00437740

hypothetical protein

unknown

unknown

unknown

TTHERM_00647280

hypothetical protein

unknown

unknown

unknown

TTHERM_00488400

hypothetical protein

unknown

unknown

unknown

TTHERM_00592930

hypothetical protein

unknown

unknown

unknown

TTHERM_00592960

hypothetical protein

unknown

unknown

unknown

TTHERM_01987400

hypothetical protein

unknown

unknown

unknown

TTHERM_01991400

hypothetical protein

unknown

unknown

unknown

TTHERM_00112700

hypothetical protein

unknown

unknown

unknown

TTHERM_00961860

Elongation factor G, domain IV family protein

unknown

unknown

unknown

TTHERM_00037640

Mitochondrial carrier protein

transporter activity

transport

mitochondrial inner membrane

TTHERM_01424460

hypothetical protein

unknown

unknown

unknown

TTHERM_00077600

Oxidoreductase, zinc-binding dehydrogenase family protein

zinc ion binding

unknown

unknown

TTHERM_00037630

hypothetical protein

unknown

unknown

unknown

TTHERM_00391530

TPR Domain containing protein

unknown

unknown

unknown

TTHERM_00513180

Ferric reductase like transmembrane component family protein

oxidoreductase activity

electron transport

membrane

TTHERM_00363250

hypothetical protein

unknown

unknown

unknown

TTHERM_00515210

Ferric reductase like transmembrane component family protein

oxidoreductase activity

electron transport

membrane

TTHERM_00301860

ABC transporter family protein

nucleoside-triphosphatase activity

unknown

unknown

TTHERM_00861690

hypothetical protein

unknown

unknown

unknown

TTHERM_01351060

hypothetical protein

unknown

unknown

unknown

TTHERM_00672140

hypothetical protein

unknown

unknown

unknown

TTHERM_00954270

Serpin, serine protease inhibitor

serine-type endopeptidase inhibitor activity

unknown

unknown

TTHERM_00498230

hypothetical protein

unknown

unknown

unknown

TTHERM_00415620

Histidine acid phosphatase family protein

unknown

unknown

unknown

TTHERM_00390130

hypothetical protein

unknown

unknown

unknown

TTHERM_01142710

hypothetical protein

unknown

unknown

unknown

TTHERM_00312480

hypothetical protein

unknown

unknown

unknown

TTHERM_00289530

Leishmanolysin family protein

metalloendopeptidase activity

cell adhesion and proteolysis

membrane

TTHERM_00543570

Leishmanolysin family protein

metalloendopeptidase activity

cell adhesion and proteolysis

membrane

Accession Number

Gene Description

GO Molecular Function

GO Biological Process

GO Cellular Component

TTHERM_00494140

Eukaryotic ribosomal protein L18 containing protein

structural constituent of ribosome

protein translation

cytoplasm

TTHERM_00079650

Papain family cysteine protease containing protein

cysteine-type peptidase activity

proteolysis

unknown

TTHERM_00079600

Papain family cysteine protease containing protein

cysteine-type peptidase activity

proteolysis

unknown

TTHERM_00289570

Leishmanolysin family protein

metalloendopeptidase activity

cell adhesion and proteolysis

membrane

TTHERM_00320130

Lipase family protein

triacylglycerol lipase activity

lipid metabolism

unknown

TTHERM_00298561

hypothetical protein

unknown

unknown

unknown

TTHERM_00559790

hypothetical protein

unknown

unknown

unknown

TTHERM_00390120

hypothetical protein

unknown

unknown

unknown

TTHERM_00151390

ATP:guanido phosphotransferase, C-terminal catalytic domain containing protein

unknown

unknown

unknown

TTHERM_00289520

Leishmanolysin family protein

metalloendopeptidase activity

cell adhesion and proteolysis

membrane

TTHERM_00411800

hypothetical protein

unknown

unknown

unknown

TTHERM_00158510

hypothetical protein

unknown

unknown

unknown

TTHERM_00437330

hypothetical protein

unknown

unknown

unknown

TTHERM_00384810

Nucleolar phosphoprotein

nucleic acid binding

unknown

unknown

TTHERM_01099240

Rab II family protein

unknown

unknown

unknown

TTHERM_00219440

Phosphatidylinositol 3- and 4-kinase family protein

ubiquitin-protein ligase activity

protein ubiquitination

ubiquitin ligase complex

TTHERM_01338460

Cyclic nucleotide-binding domain containing protein

potassium channel activity

potassium ion transport

membrane

TTHERM_00441930

56kDa selenium binding protein

selenium binding

unknown

unknown

TTHERM_00506960

hypothetical protein

unknown

unknown

unknown

TTHERM_00128860

C1-like domain containing protein

unknown

unknown

unknown

TTHERM_00554420

AMP-binding enzyme family protein

unknown

unknown

unknown
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Figure 1. Scatter plots of gene expression profiles of wild-type and mutant strains.
The scatter plots show the comparison of gene expression profiles between wild-type (WT) CU428 strain
and each of the four mutant strains htb1-K115R (A), UBC2 (B), BRE1 (C) and hht2-K4Q (D). Data are
visualized in the scatter plot on a logarithmic (base 2) scale. The data from wild-type strain are plotted on
the x-axis, and the data from each mutant strain are plotted on the y-axis. The green lines indicate two-fold
change of gene expression levels between the paired strains. The value of linear correlation (R2) is
indicated under each scatter plot.
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Figure 2. Scatter plots of gene expression profiles of Tetrahymena mutant strains.
The scatter plots show the comparison of gene expression profiles between htb1-K115R and UBC2 (A),
BRE1 (B) or hht2-K4Q (C). Data are visualized in the scatter plot on a logarithmic (base 2) scale. The
green lines indicate two-fold change of gene expression levels between the paired strains. The value of
linear correlation (R2) is indicated under each scatter plot.
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Figure 3. Scatter plots of gene expression profiles of Tetrahymena mutant strains UBC2, BRE1 and
hht2-K4Q.
The scatter plots show the comparison of gene expression profiles between UBC2 and BRE1 (A), and
also the comparison of gene expression profiles between hht2-K4Q and UBC2 (B) or BRE1 (C). Data
are visualized in the scatter plot on a logarithmic (base 2) scale. The green lines indicate two-fold change of
gene expression levels between the paired strains. The value of linear correlation (R2) is indicated under
each scatter plot.
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Figure 4. Venn diagrams of datasets of mutant strains.
Venn diagrams show overlaps among htb1-K115R, UBC2, BRE1 and hht2-K4Q datasets. The number of
genes whose expression level had at least two-fold change in one or more mutant strains is indicated.
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Figure 5. Heat map of gene expression profiles of wild-type CU428, htb1-K115R, UBC2, BRE1 and
hht2-K4Q strains.
7505 genes whose expression levels were altered by over two-fold in one or more mutant strains were
clustering using a hierarchical clustering algorithm. All datasets are normalized to the values of a wild-type
(WT) CU428 strain. The colors of tiles in the heat map represent the relative expression value of genes for
a specific strain with green indicating high expression genes, black indicating intermediate expression
genes and red indicating low expression genes. The color scale is shown by the bar at the right.
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Figure 6. Venn diagrams of htb1-K115R, UBC2 and BRE1 datasets.
Venn diagrams show overlaps among htb1-K115R, UBC2 and BRE1 datasets (Wang et al., 2009). The
number of genes whose expression level had at least four-fold change in one or more mutant strains is
indicated.
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Figure 7. Heat map of genes whose expression levels was altered by over four-fold in htb1-K115R
strain.
304 genes whose expression levels were altered by over four-fold in htb1-K115R strain are included. The
datasets of wild-type (WT), htb1-K115R, UBC2 and BRE1 strains were clustering using a hierarchical
clustering algorithm. All datasets are normalized to the values of wild-type strain. The gene tree is drawn to
the left of the heat map. The color scale is shown by the bar at the right.
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Figure 8. Heat map of the expression of 71 H2B-ubiquitylation-specific genes.
71 genes whose expression levels were altered by over four-fold in all three mutant strains (htb1-K115R,
UBC2 and BRE1) were clustering using a hierarchical clustering algorithm. All datasets are normalized
to the values of a wild-type (WT) CU428 strain. The gene tree is drawn to the left of the heat map. The
color scale is shown by the bar at the top. The table at right lists the accession number and description of
Tetrahymena genes according to the Tetrahymena Genome Database (www.ciliate.org).
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Figure 9. 3 of H2B-ubiquitylation-specific genes are involved in membrane transport.
The part of heat map from Figure 8 is shown. The color scale is shown by the bar at the bottom. The table at right lists the accession number,
description, and the Gene Ontology (GO) molecular function, biological process and cellular component annotations for each gene. 3 of H2Bubiquitylation-specific genes involved in membrane transport are highlighted in red.
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Figure 10. Several H2B-ubiquitylation-specific genes are involved in protein degradation.
The part of heat map from Figure 8 is shown. The color scale is shown by the bar at the bottom. The table at right lists the accession number,
description, and the Gene Ontology (GO) molecular function, biological process and cellular component annotations for each gene. 5 of H2Bubiquitylation-specific genes involved in protein degradation are highlighted in red.

References
Berger, S.L. (2007). The complex language of chromatin regulation during transcription.
Nature 447, 407-412.
Collins, K., and Gorovsky, M.A. (2005). Tetrahymena thermophila. Curr Biol 15, R317318.
Goldknopf, I.L., and Busch, H. (1977). Isopeptide linkage between nonhistone and
histone 2A polypeptides of chromosomal conjugate-protein A24. Proc Natl Acad Sci U S
A 74, 864-868.
Gorovsky, M.A. (1986). Ciliate chromatin and histones. In The Molecular Biology of
Ciliated Protozoa, J.G. Gall, ed. (New York, Academic Press), pp. 227-261.
Gorovsky, M.A., Yao, M.C., Keevert, J.B., and Pleger, G.L. (1975). Isolation of microand macronuclei of Tetrahymena pyriformis. In Methods in Cell Biology, D.M. Prescott,
ed. (New York, Academic Press), pp. 311-327.
Henry, K.W., Wyce, A., Lo, W.S., Duggan, L.J., Emre, N.C., Kao, C.F., Pillus, L.,
Shilatifard, A., Osley, M.A., and Berger, S.L. (2003). Transcriptional activation via
sequential histone H2B ubiquitylation and deubiquitylation, mediated by SAGAassociated Ubp8. Genes Dev 17, 2648-2663.
Hicke, L. (2001). Protein regulation by monoubiquitin. Nat Rev Mol Cell Biol 2, 195-201.
Hoheisel, J.D. (2006). Microarray technology: beyond transcript profiling and genotype
analysis. Nat Rev Genet 7, 200-210.
Hwang, W.W., Venkatasubrahmanyam, S., Ianculescu, A.G., Tong, A., Boone, C., and
Madhani, H.D. (2003). A conserved RING finger protein required for histone H2B
monoubiquitination and cell size control. Mol Cell 11, 261-266.

28

Kim, J., Hake, S.B., and Roeder, R.G. (2005). The human homolog of yeast BRE1
functions as a transcriptional coactivator through direct activator interactions. Mol Cell
20, 759-770.
Kouzarides, T. (2007). Chromatin modifications and their function. Cell 128, 693-705.
Miao, W., Xiong, J., Bowen, J., Wang, W., Liu, Y., Braguinets, O., Grigull, J., Pearlman,
R.E., Orias, E., and Gorovsky, M.A. (2009). Microarray analyses of gene expression
during the Tetrahymena thermophila life cycle. PLoS ONE 4, e4429.
Ng, H.H., Dole, S., and Struhl, K. (2003). The Rtf1 component of the Paf1 transcriptional
elongation complex is required for ubiquitination of histone H2B. J Biol Chem 278,
33625-33628.
Robzyk, K., Recht, J., and Osley, M.A. (2000). Rad6-dependent ubiquitination of histone
H2B in yeast. Science 287, 501-504.
Ruthenburg, A.J., Li, H., Patel, D.J., and Allis, C.D. (2007). Multivalent engagement of
chromatin modifications by linked binding modules. Nat Rev Mol Cell Biol 8, 983-994.
Sun, Z.W., and Allis, C.D. (2002). Ubiquitination of histone H2B regulates H3
methylation and gene silencing in yeast. Nature 418, 104-108.
Tanny, J.C., Erdjument-Bromage, H., Tempst, P., and Allis, C.D. (2007). Ubiquitylation
of histone H2B controls RNA polymerase II transcription elongation independently of
histone H3 methylation. Genes Dev 21, 835-847.
Turner, B.M. (2007). Defining an epigenetic code. Nat Cell Biol 9, 2-6.
Wang, H., Wang, L., Erdjument-Bromage, H., Vidal, M., Tempst, P., Jones, R.S., and
Zhang, Y. (2004). Role of histone H2A ubiquitination in Polycomb silencing. Nature 431,
873-878.

29

Wang, Z., Cui, B., and Gorovsky, M.A. (2009). Histone H2B ubiquitylation is not
required for histone H3 methylation at lysine 4 in tetrahymena. J Biol Chem 284, 3487034879.
Weake, V.M., and Workman, J.L. (2008). Histone ubiquitination: triggering gene activity.
Mol Cell 29, 653-663.
Weissman, A.M. (2001). Themes and variations on ubiquitylation. Nat Rev Mol Cell Biol
2, 169-178.
West, M.H., and Bonner, W.M. (1980). Histone 2B can be modified by the attachment of
ubiquitin. Nucleic Acids Res 8, 4671-4680.
Wolffe, A.P. (1998). Chromatin: Structure and Function, Third edn (San Diego,
Academic Press).
Wood, A., Krogan, N.J., Dover, J., Schneider, J., Heidt, J., Boateng, M.A., Dean, K.,
Golshani, A., Zhang, Y., Greenblatt, J.F., et al. (2003a). Bre1, an E3 ubiquitin ligase
required for recruitment and substrate selection of Rad6 at a promoter. Mol Cell 11, 267274.
Wood, A., Schneider, J., Dover, J., Johnston, M., and Shilatifard, A. (2003b). The Paf1
complex is essential for histone monoubiquitination by the Rad6-Bre1 complex, which
signals for histone methylation by COMPASS and Dot1p. J Biol Chem 278, 3473934742.
Zhu, B., Zheng, Y., Pham, A.D., Mandal, S.S., Erdjument-Bromage, H., Tempst, P., and
Reinberg, D. (2005). Monoubiquitination of human histone H2B: the factors involved
and their roles in HOX gene regulation. Mol Cell 20, 601-611.

30

